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Abstract 

. ^,1 „ri-irts of ClosiTldiwn pasteuriamm exhibited activities of 

When ero^ on glycerol as sole carbon and^ergy ^^^ dehydroBcn^s. The 6«>es 

glycerol dehydroecna^. "^a^vdroxy" ^^^^^^ ^ a.oba.t.r frcu»dn as a 

encoding the latter two enzymes ''^P^^^^n'^^J^e native molecular mass of 1,3-propanedicl dehydrogenase 
heterologous DNA prolse and expi*ssed in ^f'^^'^''^^^^^^^-,^ nucteotide sequence (1158 bp) vms detertmncd. 

........ C...V«»„^— = 1.3-^-««°' ^"^^^^^^ 

Type ra alcohol dehydrogenase!: Olyecrol ddiydnui^ ^ ^ . 



1. Introduction 

It has been known for about 60 years that glywrol 
is fermented by facultatively anaerobic bacteria to 
1 3-propanedlol, ethanol. 2.3-butaaediol ^<f^^^\ 
lactic acids. Of these substances 1,3-propanediol k ot 
industrial interest as a rtonomer for ligbt-insensitive 
plastics, and some strains indeed form this diol as 
the iTiain product. Suitable production orgamsnis be- 
long to the enterobacterial genera Klebsiella and Cp- 
irobaour [I]. ReccnUy. it has been shown that some 
clostridial species also convert glycerol to 1.3-pro- 

* Corn^pondhig attdioi. TeL: +49 (S51) 393781; 
Faxr+49(551) 393793; E-mail: ggottscQewde-de 
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/>;; 50378-1097(97)00351-0 



panediol 12]. The fermentation pattern is different in 
that the Clostridia form butyric acid as a by-producu 
Some strains of Clostridium pasteurianum produce 
considerable amounts of butanol and ethanol m ad- 
dition [3]. „ 

The key enzymes and the corresponding b«^« 1°' 
glycerol fermentation have been identified and char- 
acterized only in Citrobacter freundii and Klebsiella 
pneumcniae [A.S]. In the absence of an external oxi- 
dant glycerol is consumed by a dismutation process 
involwng two pathways. Through one pathway ^yo- 
erol is dehydrogenaied by an NAD^-Unked glycerol 
dehydrogenase (DhaD) to dihydroxyacetone. This 
product is then phosphorylated by dihydroxyacetone 
kinase (DhaK) and funnelled to the central mciabo- 
hstn [6]. Through the other pathway glycerol >s de- 

Societies. Published by Elsevier Setenoe B.V. 
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hydrated by coenzyme Bn-dcpcadent glycerol dehy- 
dratase (DhaB, DhaC, DhaE) to form 3-liydfoxy- 
propionaldehyde, which is reduced to tl^e"'^" fo- 
mentation product 1,3-propanediol by the NADH- 
Unked 1,3-propaiiediol dehydrogenase (Dhaq, 
thereby regenerating NAD+ [7.8]. The four key en- 
zymes of this pathway are encoded by the dftfl reg- 
ulon the expression of which is induced wtcn dihy- 
drOCTacetonc or glycerol is present. Recently, we 
have doned and expressed the entire dha regulon 
of C fieundii in Esdu^ichia coli [5], The genes en- 
coding the four key enzymes and the correspondrng 
gene produces have been sequenced and purified 
[6-81 In contrasr to the l.S.propancdiol-forming en- 
tone bacteria only little is known about the enzymes 
responsible for glycerol breakdown by dostndia The 
activity of glycerol dehydrogenase, glycerol dehy- 
dratase and 1.3-propanediol dehydrogenase has 
been determined in crude extracts of C butyncwn 
191 and the latter activity in C pastewumum [2]. To 
our knowledge, the genes encoding key enzymes in- 
volved in glycerol conversion lo 1,3-propanedjol by 
Clostridia have not been identified and sequenced. 

In this report, we describe the domng and ex- 
pression in E. coli of the genes encoding glycerol 
dehydratase and l,3.propanediol dehydrogenase of 
C pastcurianum and the sequence of the dhaT gene. 



2, Materials and mcthcds 

2.1. Bacterial strains and vectors 

C pasieurianmi DSM 525 and C frewndii DSM 
30040 weie obtained from the Deutsche Saronilung 
von Mikroorganismen und ^^^^^^ ^^^^ 
(Braunschweig, Germany). E. coli ECL707 [4] and 

DH5a m ^ 
pWE15 and the plasmid pBluescript SK+ (Strata- 
gene GmbH, Heidelberg, Germany) were employed 
as the vectors for cloning experiments. 

2J. Me<^ and growth conditions 

C. pasteurianum was grown in a minimal medium 
according to Kell ei al. [U] with 100 mM glycerol as 
carbon sourec and C freunda as described previously 
[5], £ coh was routinely cultivated at 30 C m m 



medium [10], which was supplemented with ampicJ. 
lin (100 us when necessary. Recombmant E. 
coli strains used for expression of the genes involved 
in glycerol breakdown were grown as described pre- 
viously 16]. Fermentations were done in Hungate 
tubes or anaerobic flasks and media were gassed 
vrith Ni for 30 min before sterilization. A modified 
MacConkey agar Qactosc was replaced by 70 mM 
glycerol) was used to identify gjycerol-utilizhig re- 
combinant K cok strains. 

2.3. Molecular procediires 

Chromosomal DNA from C. pasteuriamm was 
isolated applying the method of Mannur [12], parti- 
ally digested with EcoRI or Hindlll, and ligated mto 
the above mentioned vectors. Digestion with restric- 
tion endonuclease, ligation, packaging of DNA, 
transduction of cosmids, transformation of plasnuds 
and isolation of recombinant vectors were done ac- 
cording to standard procedures [10]. Transductants 
were screened on MacConkey-glycerol-ampicillm 
agar for glycerol utilization, which was mdicated 
by a red color of the colonies. 

The subcloning of genes involved in glycerol fer- 
mentation of C. pasteurianum was performed in het- 
erologous hybridization studies using the dhaT gene 
of C freundii as a probe. As source for the isolation 
of this gene the recombinant cosmid pRDl was used, 
which harbors the entire dha regulon of C. fremdii 
[5]. Colony hybridization, Southern transfer of DNA 
fragments to nylon membranes and detection of 
labelied probes were done according to Ausubel et 
al [101 DNA sequence was determined by the chain 
tennination method of Sanger « aL [13]. The fidelity 
of the DNA sequence determined for the insert of 
pFL2 was confirmed by conmiercial sequencmg 
(Seqlab. G6ttingen. Germany). 



2.4. Pteparaiion of cell extracts 

Cells of the sxationary growth phase from 500 ml 
anaerobic cultures were harvested by ccntrifugation 
at 6000X« for 20 min. washed once with 100 mM 
potassium phosphate buffer (pH 8.0) and resus- 
pended in 2-3 ml of the same buffer. The cells 
were disrupted by French pressing (1.38x10 Pa), 
and the extract was cleared by centrifugauon at 
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Fio. 1. Nend^naturiBj polyatiylaimde gd dccuophorossand ^ 
,Mty swiniOB of l^propawdiol dehy<lros=na». ^ 

protriB band* stttoed « d»cnb*d m Seeuon 2- 
io^T^r mHS. marker.; 2, crude e«i*ot of <=/'!'"^ • ^"T*' 
cxttael of C. p«««criffl™m: «. cr«de cxtraci of £ ECL707/ 
pFLl. 

32000 for 35 min at 4»C. AU steps were done 
under anaerobic conditions. 

2.5. Enzyme assays 

Glycerol dehydrogenase was assayed by the meth- 
od of Ruch et aL 114] and dihydroxyacetone Innate 
by the method of Johnson et aL [15]. Glycerol dehy- 
dratase was estimated by the 3-n.cthyl-2-bcnzothia- 
zolinonc hydrazone method [16] in 1 nnn assays with 
glycerol as substrate. The activity of 1,3-propanediol 
dehydrogenase was determined as described previ- 
ously m. Protein concentrations were measured by 
ihe method of Bradford (17] with bovine senm. al- 
bumin as standard. All enzyme activities are ex- 
pressed in junol min"^ mg proiem - 



2.6. DetermimTion of molecular mass 

aectrophoresis under nondenatuiing conditions, 
was carried out on polyacrylamide gradient slab 
eds f4-28»/o) Bt 4"C in Tris-glycine buffer (pH 8.3J 
L the method of Andersson et al. [18]. Activity 
staining of 1,3-propanediol dehydrogenase was per- 
formed as described by Boenigk [19]. For calculauon 
of The native molecular mas*, a commercial high-mo- 
lecular-mass calibration kit of standard proteins was 
used. 



3. Results and discussion 

When grown in minimal medium with 100 mM 
dycerol as the energy and carbon source in batch 
culture, C pasteurianum formed 1,3-propaiiediol. bu- 
tanol and ethanol as the major fermentation prod- 
ucts (data not shown). The four key enzymes, which 
are known to be responsible for the conversion of 
glycerol to U-propanediol in enteric bactena, could 
be detected. The specific activities detenmned for 
glycerol dehydrogenase, dihydroxyacetone kinase, 
glycerol dehydratase and 1,3-propanediol dehydro- 
genase in cell extracts of C pasteuriamm were 4.5, 
01 2 2 and 1.7 U tas~\ respectively. These activities 
weic in the same range as in cell extracts of C. freun- 
da and E. coH ECL707/pRDl, which harbors the 
entire dha regulon of C frevndil a^ble 1). TTus re- 
sult indicated that C. pasteiaumum ferments glycerol 
like the 1,3-propanediol-forming entenc bactena by 
a dismutation process. This is in accordance with the 
pathway postulated for the glycerol fermentation of 
C pasteurianum by Dabrook et al. [3]. 
A gwiomio Ubrary of C pasteurianum was pre- 



acdvi.i«» of the rcponsiWc for jlv ccn.! fenncntadca in C. ^iar^^^ 

Organisro Specific a ctivity ((miol mip-' me Ptox^ ') 



Glywrol dehydrogenase 



^oxyacetone kinase Glycerol debydxat^e 1.3-Propancdiol deliy<>rOEcna.. 



4.5 
4.3 
5.4 
<0.01 
<0.0l 



E. coli BCl.707/pRDl 
£. co/i ECL707 

£ call £CL707/pFU 

-.Cultures were grown at SO'Cand cdl extract, wcre prepared « described in S^ton 
deicciable enzyme tjciivi^y. 



0-09 
0.12 
<0.0l 
<0.OJ 



1.1 
1.5 

1.4 



1.7 
0.9 
0.8 
<0.1 
1.2 
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orfX orfYf 



orfY 



dhaT 




dhaT " . f,-, r u«Murtoium. Arrows anO* 

*nd genetic ereanization of ihe ^ j^^on of e""""* <^ 'T^ wna teeion 
Fig. ^. a: R«t«ouon i»^8» pa«.aal „^uon of th* homologous DNA «S>o 

plasmids U»4 fo' Kq«n«'S » P 



p,,ed for cloning of ^l^^^^t^'^St 
Lakdov,a. Ug^Aed into tb. 

gested with £coRl linearized with the 

conespondiiig enzymes. U^^^ transdwed into 
vitro into the ^^^"°P^'VJeCL707. Approx- 
theBly'=«''l'^"^="°^;^„.l. eort strains with an 
i„,,tely 2800 ^''O'^J^^j^'Jb te^ screened on Mac- 
average insert Size of. ^.f ^^ 

lion. None of these clones haaine , 

dycerol. This was «^'P"f ^ ^fSng of the en- 

Sd been -^r^^^^^f .IJ^^r^^^^^^^ 
tire ifc^ ^^egulo" iTSedeSd clones in the genonnc 
the identification f ""'^bridization using tb^ 
library was ^^^^as ^^tcrologons DNA 
c/AaT gene of C P^^^ ^^y one done (£. 
probe (data not shown). In ttus y 



, x,rt7f»7/oFLn exhibiting glycerol dehydrat^ 
co/i ^^^^^'P*^ j. ^^,>,vdroEenase aodvity was ob- 
and 1.3-P»P«iedi°\**^^yr°f!!Sties of 14 and 11 

U of C. /r«-^« CT*; 

L 1). separation ^ -jj^^^l^r Lfdenaturing 

polyacryl^de eU^^^Sig of l,3-propan<^ol 
conditions and acuvi^ corresponding 
dehydrogenase 440 000 Da (Fig. 1). 

to a native «>ol«^f^'^*^^" ^se produced in £ 

;,fljtmi«-arww enzyn^ witn p cod- 
mass (Fig. 1. 3 ^ 4>- J^;i fermentation b, 
ingd^ reductive branch of g^^^^^ . ^^^^^ 

C. paU^ia^unx recovered from this- 

„TiT \ The recombinant cosmid recovw 
pFLi. ins i>s , (^n-tained a 13.3-kd 

strain was designated pFLi antv w 



IJ-propanedlol dehySrosenlse Cd^JI 
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Consensus 

S. cerevi^itt* 
E. aoli 

C, &cetobutylicvm 

C. pa^teurianum 
coli 

C- kluyverl 
C. acetchucylicum 




TTic cQn««U! of the pulaiive iron-bindmg ««>«if ^ J c^^™^ 1161. I.l-propanediol dehydroBcnase CFtHiOl of E 

isoenzymes (BdhB ,nd BdhA) of C a«ro6«/yC^-n pfl. 



inswt Of C. /7ayieartan«^ genomic DN^- 
clone the dhaT gene encoding 1,3-propaned.ol dehy- 
drogenase. pFLl was digested with EcoRl and the 
Z^^tsZr. ligated into pBl«escript SK^. Colo^ 
hybridization with the DNA piobo from Cfreundn 
(ic above) revealed that the complete dteT gene of 
C pasteurianum was located on two recombinant £ 
cc/i strains with different inserts, one conta,nmg a 
2155-bp and the other a 732-bp £coW fragment of 
gcnoni C pasteurianum DNA. The plasii^d. ^o^ 
lated from these strains were designated pFL2jmd 
nFL4 respectively. The origin and the neighborhood 
L th; chromosome of both cloned Eco^ fxu^^nts 
was established by Sotithem blot analysis (data not 

''^Tte^inserts of pFL2 ajid pVlA were sequenced in 
both directions. The restriction map and the appar- 
ent gene organization are sboAvn in Fig. 2A. and the 
sequence of «he combined EcoKl fra^ente from 
„FL2 and pFL4 (2881 bp) is given m F>B-.3- 
successive potential genes were identified within he 
seqwDce. One gene is located at the end of the 
cloned DNA and is hence incomplete. All P^s^P" 
live genes except the mcomplete one were pnxcded 
by a potential ribosome-binding site, appropnately 
spaced from the start codon (Fig. 3). The deduced 
^„o add sequences of the four 
frames showed high similarity to OrfW, OrfX, 



OrfY and DhaT, which arc part of the dha regulon 
of a freundU [6-8]. The C. pasteurimum genes were 
designated accordingly. 

The dhaT gene (1158 bp) of C. pasteurianum en- 
codes 385 amino acids with a predicted molectilar 
mass of 41 776 Da. The dhaT gene is terminated by 
a single stop codon (UAA). A sequence that could 
represent a transcriptional terminator (a punctated 
palindrome that could form a stem-loop structure 
in an RNA transcript) follows approximately 36 nii- 
cleotidcs downstream from the stop codon (Pig. 3). 
A conserved sequence for o^-dependent promoters 
is located upstream of the dhnT gene in posiuons 

1178-1206 (Fig. 3). J, rr f ^ 

The amino acid sequence deduced from dhaT oi C 
pasteurianum was compared with deduced ammo 
acid sequences from alcohol dehydrogenases avail- 
able in the NCBI databases. The highest swmlanty 
(SO.5% identity and 89.8% iamilarity) was obtamed 
to the 1 3-propanediol dehydrogenase of C freundii, 
which is a member of a novel family of alcohol de- 
hydrogenases (type ni). This high amino acid se- 
quence identity corresponded well with the sinuhir 
native molecular mass of both enzymes observed 
during nondenaturing electrophoresis (Fig. 1). The 
1 3.propanediol dehydrogenase of C fieundii is a 
d^r of a polypeptide of 43400 Da under ttiese 
conditions 119]. The predicted molecular mass of the 
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dhaT gene product (41776 Da) and the estimaxed 
native molecular mass (440000 Da) surest thp 
same subunit composition for 1,3-propancdiol dehy- 
drogenase of C pasteufianum. 

The family of type HT alcohol dehydrogenases is 
very heterogeneous and distinct from the Ions-chain 
zinc-containing (type I) or short-chain zino-lacking 
(type ID enzymes [20]. The other members of type 
111 alcohol dehydrogenases, inchiding e-S* Adh2 of 
Zymomonas mobilis and FucO of K coli (for other 
en2>'mcs, see Fig. 4). exhibited 28.3-51.6% identity 
(51.1-70.8% similarity) to 1 .3-propanediol dehydro- 
genase from C pasteurianum. No significant similar- 
ities between 1,3-propancdiol dehydrogenase and 
type I and type H alcohol dehydrogenases were 
fonnd. 

Bairoch [21] proposed a more or less conserved 
putative iron-binding motif (G-X-X-H-X-X-A-H-X- 
X-G-X-X-X-X-X-P-H-G) as a fingerprint pattern for 
type III alcohol dehydrogenases (Fig. 4). It is fully 
conserved in all reported iron-dependent enzymes 
(DliaT from C. freundii [7], Adh2 from Z. mvbilis 
[22], FucO and AdhE from E. tali [23,24]), in 
EutG from Salmonella typhimurium with unknown 
iQii requirement [25] and in Adh4 from Saccharomy- 
c&s cerevisiae, which requires Zn^+ for its catalytic 
activity [26]- The dhaT gene product showed the 
iron-binding motif (amino acids 262-280), except 
that the conserved proline in position 278 was re- 
placed by alanine (Fig. 4). The ion requirement of 
the enzyme has not been determined but iron limi- 
tation during growth on glycerol favors the forma- 
tion of 1,3-propanediol and reduces the production 
of the other solvents butanol and eihanol [3]. This 
makes an iron-dependent 1,3-propanediol dehydro- 
genase unlikely. 

1,3-Propaiiediol dehydrogenase requires NAD(H) 
as a cofactor, but the highly cx^nscrvcd NAD(H) 
binding fingerprint pattern G-X-G-X-X-G [27] was 
not present in the amino acid sequence. This is also 
characteristic of most type m alcohol dehydrogen- 
ases. 

The deduced products of the remaining three pre- 
sumptive genes, or/Y, orfWmd tlie incomplete orfX, 
exhibited 31.5-53.8% identity (45.9^9,9% similarity) 
to the corresponding homologous gene products en- 
coded by the dha regulon of C freundii. In compar- 
ison to this organism the sequenced genes of C pas- 



teurianum showed a different organization; or/V, 
orfJV, orfY were all located upstream of the dhaT 
gene (Fig. 2). 
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